Although Poisson's ratio is one of the basic rock mechanical parameters, it is less investigated than the other parameters. It can be assumed, that this material constant depends on the rigidity of the rock, among the others. The goal of this research is to find a theoretical relationship between the rigidity of the intact rock and Poisson's ratio. It was assumed that there is a connection between the internal friction angle (or cohesion) and rigidity of the isotropic, linear elastic material, using the Mohr-Coulomb theory. Based on these equations from different published limit equilibrium, six different equations were compared. It is published that the rigidity value is equal (within the experimental error) to the Hoek-Brown material constant (m i ) which value is well-known for many different rock types. Plotting the published Poisson's ratio in the function of the rigidity of the intact rock the optimal connection was chosen.
Introduction
The knowledge of the Poisson's rate value is important during the rock engineering process. It can be measured from classical uniaxial compressive strength tests, according to the ISRM suggestion [1] . The definition of Poisson's ratio can be stated as the ratio of transverse strain to axial strain induced by unconfined axial deformation. Theory of elasticity gives limiting range of Poisson's ratio as:
Also note that, strictly, there is a sign with ν, so that (+) means an elongation strain with lateral contraction and a compression strain with lateral expansion. No rock is known that might give a (-) ratio where there is lateral expansion with elongation or lateral contraction with compression. It means, that the Poisson ratio of the rock materials usually:
Firstly, Kumar [2] investigated the effect of the Poisson's ratio on the intact rock properties. He showed the importance of this material constant in the rock mechanics. According to his results, there is linear relationship between the Young's modulus (E), uniaxial compressive strength (s c ), tensile strength (s t ) and the Poisson's ratio (ν):
• E increases with decreasing Poisson's ratio [2] ; • Compressive strength increases with increasing Poisson's ratio [2] ; • Tensile strength decreases with increasing Poisson's ratio [2] .
Aydan et al. [3] carried out several laboratory tests of squeezing rocks in Japan. It was assumed that the Poisson's ratio of rocks trends to approach 0.5 as the uniaxial strength approach to zero and as the strength increases it tends to converge a value between 0.2 and 0.25. The relation between Poisson's ratio (ν) and uniaxial strength (s c in MPa) is the following for squeezing rocks [3] : 
Analyzing the porosity and the density he found, that small change in Poisson's ratio there is a big change in porosity and there is a linear relationship between the density and the Poisson's ratio. Gercek [4] compared to other basic mechanical properties of rocks, Poisson's ratio is an elastic constant of which the significance is generally underrated. There are a considerable number of diverse areas, in rock mechanics which require a prior knowledge or estimation of the value of Poisson's ratio. His paper examined the values and applications of Poisson's ratio in rock mechanics. Following a historical account of the initial controversy, whether it was a material constant or not, the effects of Poisson's ratio in the elastic deformation of materials, intact rocks, and rock masses are briefly reviewed. Also, the reported values of Poisson's ratio for some elements, materials, and minerals are compiled while typical ranges of values are presented for some rocks and granular soils.
In addition to it Poisson's ratio classifications are recommended for isotropic intact rocks. Note, according to the results of Davarpanah et al. [5] , the Poisson's ratio highly depend on the stress, as well. Testing of Westerly granite by Walsh [6] showed that Poisson's ratio is not constant but continuously increases throughout loading, varying from 0.2 to 0.3 between 30 and 60 % peak strength where elastic behavior is typically assumed. This uncertainty can result in CI values that differ by up to ±40 % for a change of ±0.05 in the Poisson's ratio assumed [6] .
Unfortunately, in many cases it is not possible to determine the Poisson's ratio of the intact rock. Typical ranges of values for Poisson's ratio of some rock types were collected by Gercek [4] presented in Fig. 1 and the suggestion of American Association of State Highway and Transportation Office [7] in Table 1 .
It can be assumed, that the Poisson's ratio depend on the rigidity of the intact rock -increasing the brittleness of the rock material the Poison's ratio should be decreasing. Vásárhelyi [8] 
Recently, Kumar et al. [9] investigated the influence of the unconfined compressive strength to the Poisson's rate. Analyzing six different rock types (such as: basalt, granite, schist, limestone, sandstone and shale) they received, that the Poisson's rate linearly increasing in case of increasing uniaxial compressive strength (UCS). These published results are summarized in Table 2 .
Theoretical background
Using the Mohr-Coulomb theory (Fig. 2) , the internal friction angle (φ) in the function of the rigidity (R) can be determined. According to Andreev [10] there are several definitions for calculating the rigidity (R) of the rock material. In this paper it was suggested to determine it in the ratio of the uniaxial compressive strength (s c ) and the tensile strength (s t ) of the rock material, i.e.:
Knowing this ratio, using the Mohr-Coulomb theory, the internal friction angle (φ) can be determined using the following equation:
The internal friction angle (φ) in the function of rigidity (R) is plotted in Fig. 3 .
Similarly, a lower bound estimate of cohesion (c) for rock would be obtained most simply by assuming a straight-line, rather than a curved tangent between the uniaxial tension (σ t ) and uniaxial compression (σ c ) Mohr circles (see Fig. 2 ). The simple equation for the lower bound cohesion intercept (c), derived from Mohr circle geometry, was given in Barton [11] :
According to Cai [12] , when the rigidity of the intact rock R ≥ 8, the error for approximating the Hoek-Brown constant m i [13, 14] is less than 1.6 % (see Fig. 4 ). It means that the Hoek-Brown constant can be calculated from the ratio of the uniaxial compressive strength (s c ) and tensile strength (s t ).
The Hoek-Brown constants (m i ) of the intact, isotropic rocks are usually well-known. These values of the most important rock types were collected in Table 3 (using the published data of Hoek [15] . According to Table 3 , the minimal value of m i is 2 (e.g. claystone) and the maximum value is 35 for some granitic rocks. estimate and the strength ratio R, according to Cai [12] 3 Relationships between rigidity and Poisson's rate value Zhang et al. [16] summarized the most important relationships between the internal friction angle (φ) and the Poisson's rate (ν) of the intact solid material. All of these equations based on Mohr-Coulomb theory, and they used the different equilibrium methods by Stagg and Zienkiewicz [17] . The following correlations were collected by [16] :
Replacing the φ value in Eq. (6), these relationships can be rewritten to the following form, which are independent to the internal friction angle (φ) -i.e. depend on only the rigidity (R) of the intact rock (note: as it was mentioned earlier, the R is in most cases equal to the m i Hoek-Brown material constant):
According to the published collection of [16] , the Poisson's rate can be calculated from the cohesion (c) and the uniaxial compression (s c ) of the intact rock material, as well, i.e.: (14a)
Using Eq. (7), the following form can be used the following form (which are independent on the strength and the cohesion of the rock, i.e. depend on only the rigidity)
or 
(14b)
Results and discussion
The above presented methods (Eqs. (8)-(14) ) were plotted in Fig. 5 , which illustrates that when using these equations, Poisson's ratio decreases as rigidity increases. This non-linear behavior also indicates higher sensitivity until R ≈ 10. In case of brittle rocks (R > 10) the influence of the rigidity is not so significant. Based on these relationships, Poisson's ratio is equal to 0.5 in case of R = 1 (i.e. plastic material). Reaching the maximum rigidity of the rock (i.e. R = 35) the minimum Poisson's rate is between 0.02 (using Eq. (10)) and 0.14 (Eq. (12) and (14)). According to the published data the lowest Poisson's rate is around 0.1. In Fig. 6 , the minimum and maximum Poisson's ratio values (ν) are plotted in the function of the Hoek-Brown constant (m i ) of the rock (according to Table 3 , applying the average values), using the both results of Gercek [4] from Fig. 2 and the suggestion of AASHTO [7] (Table 1) . There are only two points out of the line: the shale and siltstone from the list of AASHTO [7] . Note, the Hoek-Brown constant of these types of rock are usually very sensitive.
These applied data (minimum, maximum values of the Poisson's rate (ν) and the Hoek-Brown material constantm i ) are summarized in Table 4 .
Comparing the different relationships Eq. (12), (14) is the best fit curve. It means, Eq. (15) is assumed between the relationship of the rigidity and the Poisson's rate value, depending on the ratio of the uniaxial compressive strength (σ c ) and tensile strength (σ t ):
As it was demonstrated previously and applied in this research, the rigidity of the rock (R) is equal to the Hoek-Brown material constant (m i ), thus R ≈ m i , [12] i.e.: 
Fig. 5
Prediction of the Poisson's ratio in the function of the rigidity of the intact rock -equations according to [16] In Fig. 7 the predicted Poisson's ratio from Hoek-Brown constants were plotted in the function of the published Poisson's rate (the data were collected in Table 5 ). The published data usually near to the predicted data -the differences usually between ±0.05, but except the shale and siltstone from [7] between ±0.1 line.
Conclusions
The goal of this theoretical research was to investigate how the Poisson's ratio of the intact rock relates to the rigidity of the material. According to the different theories the Poisson's ratio decreasing in case of increasing rigidity. Comparing the different equations and supposing that the rigidity of the rock is equal to the Hoek-Brown material constant m i , we received the best results using Eq. (17):
As it is well-known, the Hoek-Brown constant depend on many things, e.g. water content (see e.g. [18] or heating cycles [19] , among the others. Recently, Vásárhelyi et al. [20] analyzed the Hoek-Brown equation and suggested minor modification of it for Hungarian granitic rocks.
According to the publication of [8] , in the rock engineering practice, the knowledge of the Poisson's rate value of the rock mass is highly important. The Poisson's rate value highly depend on the quality of the rock mass, thus in the increasing if the Geological Strength Index (GSI) increasing [8, 21] :
. .
Where ν rm and ν i is the Poisson's ratio of the rock mass and the intact rock, respectively, and GSI is the Geological Strength Index. Aydan et al. [22] also investigated the influence of the rock mass quality for the Poisson's ratio. They found the following relation between the ratio of the Poisson's ratio 
Using Eq. (17) the connection between the rock mass quality and the Poisson's ratio of the rock mass (ν rm ) can be calculating more precisely.
We know well, that Poisson ratio is a composition parameter. A better material characterization can be achieved by the theoretical established Lamé coefficients, the isotropic invariants of the elastic material. This is rather apparent considering the time dependence of the laboratory experiments (see [23] and Fig. 8 ).
The rheological properties of rocks are universal [24] and may not be neglectable at the standardized laboratory time scales and that could be the reason of the observed uncertainty of the data.
